Rare-earth (RE) compounds have been actively pursued for therapeutic and diagnostic applications due to their ability to upconvert near infrared light into the UV-vis range. Through nanoengineering and bottom-up synthesis, additional functionality can be added to these upconverting systems. Herein, we report the synthesis of 90 Y-doped β-NaYF 4 :Er, Yb upconverting nanophosphors (UCNPs) to enable β-particle emission and upconversion by the same UCNP. To homogenously incorporate the radionuclides, we employ a hydroxide metathesis method to produce the RE precursor required for the solvothermal synthesis of monodisperse UCNPs. Once incorporated, we find that the β-emitting 90 Y dopants do not influence the energy pathways required for upconversion, enabling simultaneous radio-and optical-tracing. The resulting large (>100 nm in height and width), anisotropic, 90 Y-radiolabeled β-NaYF 4 UCNPs are then coated with silica using a modified, micelledriven Stöber process to enable their dispersion in polar solvents. Doing so highlights the importance of surfactant (Igepal CO-520) and silica source (tetraethyl orthosilicate) interactions to the continuity of the silica shell and makes the vast library of silica surface chemistry and functionality accessible to upconverting radiotracers. 
Y-radiolabeled β-NaYF 4 
Introduction
Multi-photon processes such as upconversion have come to the forefront of imaging research. The anti-Stokes shift limits autofluorescence of nearby molecules within a specimen, which greatly improves the ability to distinguish the targeted entity from the background [1] . While several materials and molecules are capable of upconversion, rare-earth (RE) compounds remain the best hosts for NIR-to-visible upconversion [1] [2] [3] [4] [5] [6] . Compared to the alternatives, the REs offer wide upshifting (>3 eV) that can be stimulated using a continuous wave source due to the utilization of real excited states promoted by the f-orbitals [4, [7] [8] [9] . Combining these processes with the solution-processability of nanomaterials has made upconverting nanophosphors (UCNPs) the major focus for modern theranostics research [10, 11] .
Another form of imaging commonly used in nuclear medicine relies on the presence of unstable isotopes within radiolabeled molecules or nanoparticles (radiotracers) to produce a signal around the site of interest [12] [13] [14] . Radiotracers do not rely on an external excitation source, enabling a penetration depth that exceeds that of optically-stimulated species [15] [16] [17] . In addition, radionuclide-based imaging techniques such as positron emission tomography are highly sensitive and capable of tracing physiological processes without exerting pharmacological effects. Radionuclides such as 86 Y, 18 F, and 64 Cu have been incorporated into crystal lattices through radiolabeling with subsequent demonstrations of selective imaging [14, 18, 19] . Radionuclides also offer standard and selective therapeutic benefits, as seen with β-emitting 90 Y [20, 21] . When designing upconverting or radioactive nanoparticles for biological systems, the size, morphology, and surface chemistry of the nanoparticles are critical considerations. Very small (<5 nm in diameter) nanoparticles offer excellent cell penetration but suffer from rapid clearance, resulting in poor tumor accumulation and short half-life [22] [23] [24] . On the other hand, large (>100 nm in diameter) nanoparticles exhibit improved pharmacokinetics and vascular extravasation [25] . UCNPs in particular benefit from a small surface-to-volume ratio from limited surface defects and solvent interactions that facilitate non-radiative charge recombination [26] . The morphology of the nanoparticles also plays a critical role in cell uptake, with anisotropic particles such as cubes and rods showing preferred uptake over spheres [27] . Altering the surface chemistry with tumorspecific markers further assists in nanoparticle uptake and targeting [19] .
We have previously reported magnetic radiolabeled gadolinium fluoride nanocrystals through a chloridebased synthesis method [28] . Herein, we extend the concept of multimodality to produce radiolabeled β-NaYF 4 UCNPs using a more versatile trifluoroacetate (TFA) based synthesis method. To accomplish this goal, a hydroxide metathesis processing method is employed to incorporate the 90 Y into the RE(TFA) 3 precursor. The resulting large (>100 nm in height and width), 90 Y-radiolabeled β-NaYF 4 UCNPs were then coated with silica using a modified Stöber process to enable their dispersion in polar solvents. Doing so makes the vast library of silica surface chemistry accessible to upconverting radiotracers [29] [30] [31] [32] , offering additional modes of functionality.
Methods
Synthesis of RE(TFA) 3 3 to form. The precipitate is collected via centrifugation and washed several times with Millipore water to remove excess NH 3 OH from the solution. Then, 3 M trifluoroacetic acid is added to the falcon tube to dissolve the RE(OH) 3 and form aqueous RE(TFA) 3 . The solvent and excess trifluoroacetic acid is evaporated off, leaving the solid RE(TFA) 3 behind.
Synthesis of β-NaYF 4 :Er, Yb UCNPs Similar to previously reported syntheses of RE UCNPs [33] , this method uses the rapid thermal decomposition of the RE(TFA) 3 precursors to form β-NaYF 4 . RE(TFA) 3 (3.6 mmol total, 78% Y, 20% Yb, 2% Er) and NaTFA (3.8 mmol) is added to 30 ml of a 1:1 solution of oleic acid (70% technical grade, Sigma-Aldrich) and 1-octadecene (90% technical grade, Sigma-Aldrich) into a three-neck flask and heated to 120°C under vacuum for 45 min. The reaction vessel is then filled with N 2 gas and placed in a 340°C 1:1 eutectic mixture of potassium nitrate and sodium nitrate (KNO 3 :NaNO 3 , Fisher Scientific) salt bath for 40 min. The UCNPs are isolated from the reaction mixture by adding 40 ml of a 1:1 hexanes and ethanol solution and centrifuging at 6000 rpm for 2 min. The resulting UCNPs are dispersed in hexanes and no further size-selective precipitation strategies were employed. Electron microscopy is conducted after the radioactivity has been given sufficient amount of time to subside (∼2 months).
Silica-coating procedure for large (>100 nm) β-NaYF 4 UCNPs 1.6 ml Igepal CO-520 (Sigma-Aldrich), 6.0 ml cyclohexanes (Sigma-Aldrich), and 1.0 ml of a 1.0 mg ml
solution of the β-NaYF 4 UCNPs are mixed in a scintillation vial and stirred for 10 min. Then, 6.0 ml Igepal CO-520, 0.2 ml Millipore water, and 0.025 ml TEOS (>99.0% (GC)) are added to the solution and sonicated for 20 min 100 μl of 1% ammonia water is then added to the solution and stirred for a given amount of time, typically 1 h-2 d. The particles are then precipitated from solution by adding 10 ml acetone and centrifuging. The particles can then be dispersed in polar solvents.
Characterization
Transmission electron microscopy (TEM) images were collected using a JEOL JEM-1400 microscope equipped with a SC1000 ORIUS CCD camera operating at 120 kV. Electron tomography was collected using a Fischione model 2040 dual axis tomography holder and automated SerialEM data acquisition. 3D reconstructions were calculated using ImageJ and the TomoJ plug-in using the simultaneous iterative reconstruction technique [34] . Powder x-ray diffraction (XRD) was measured using a Rigaku SmartLab high-resolution diffractometer with Cu Kα radiation (λ = 1.5416 Å). An overview of the simulation program is offered in the supporting information and the referenced material [35] . Room temperature upconversion emission spectra were acquired using an Ocean Optics USB4000 fluorescence spectrometer using a Dragon Lasers 980 nm continuous-wave laser as the excitation source. Inductively coupled plasma-optical emission spectrometry (ICP-OES) was performed on a Spectro Genesis spectrometer with a concentric nebulizer. For radioluminescence thin layer chromatography (RadioTLC), a sample of 2 μl was spotted at the origin of the TLC plate. Then the plates were placed in a 1:1 saline:methanol solution and was allowed to develop until the solvent front reach 1 cm from the top of the plate. After drying, the plates were exposed to a phosphor film for 1 h to quantify radioactivity. After drying, the phosphor films were read on a Perkin Elmer Typhoon FLA 7000 Digital Phosphorimager. High-resolution scanning TEM and energy dispersive spectroscopy (EDS) were performed using a JEOL JEM-2010F transmission electron microscope with an accelerating voltage of 200 kV and equipped with an Octane SDD detector.
Results and discussion
Bottom-up incorporation of 90 Y into β-NaYF 4 UCNPs is achieved by producing a doped Y(TFA) 3 precursor through the hydroxide metathesis reaction shown in Scheme 1.
90 Y is typically distributed as a chloride salt, yet the TFA salts enable the breadth of synthesis methods developed for RE fluoride nanocrystals using rapid solvothermal decomposition [36] [37] [38] . To ensure homogenous distribution of the 90 Y ions into the precursor and prevent chlorides from altering the reaction dynamics, a hydroxide metathesis processing method is pursued. This method was used in prior literature to produce RE salts for coordination studies [39, 40] and is now commonly employed for the purification of actinides [41, 42] . To start, an aqueous yttrium species, such as a nitrate or chloride, is dissolved in water and precipitated out using a source of hydroxide ions. For this study, ammonium hydroxide was the hydroxide source of choice because it left minimum cationic impurities in the Y(TFA) 3 precursor. This was determined by ICP-OES data that is shown in supplementary table S1, available online at stacks.iop.org/NANOF/2/025002/mmedia. After adding the hydroxide, the solid Y(OH) 3 is separated by centrifugation and treated with trifluoroacetic acid, which digests the Y(OH) 3 . Evaporating the solvent leaves the radiolabeled Y(TFA) 3 precursor behind.
Using hydroxide metathesis offers several advantages over conventional oxide digestion methods for forming RE(TFA) 3 [43] . In addition to ensuring the homogeneous distribution and complete incorporation of the 90 Y dopants into the precursor, hydroxide metathesis can be conducted within an hour to preserve the Y was the radionuclide of choice for this study, this method could be extended to incorporate other cationic radionuclides of interest, such as positron-emitting 86 Y (τ 1/2 =14.7 h) and β-emitting 177 Lu (τ 1/2 =159 h). This method is conducted in a single centrifuge tube without heating, which mitigates contamination of multiple vessels over alternative annealing methods to achieving the Y(TFA) 3 precursor. This hydroxide metathesis processing method can be used as an alternative route to forming ionic precursors with REs that form stable oxides, such as Ce (III) and Tm (III) [44] .
The radiolabeled β-NaYF 4 :Er, Yb UCNPs are visualized in figure 1 . Note that this nanocrystal is truncated by a factor of two million for clarity and the depicted loading of 90 Y, though achievable, exceeds the loading demonstrated in this paper. The 90 Y-doped β-NaYF 4 : 2%Er, 20%Yb UCNPs isolated from the rapid solvothermal decomposition of the 90 Y-doped RE(TFA) 3 precursors are described in figure 2 . The TEM image shown in figure 2(a) verifies the hexagonal morphology of the nanocrystals. While large hexagonal prisms were pursued for this work, this solvothermal decomposition method has been shown to yield hexagonal plates and rods of various sizes by tuning the reaction times and precursor concentrations [36, 37] . The experimental powder XRD pattern displayed in figure 2(b) shows that the UCNPs exhibit the expected reflections of a P6 3 /m space group [45] , confirming that the material is β-phase NaYF 4 . β-NaYF 4 has proven to be the optimal host lattice for upconversion events due to its low phonon threshold, suitable interatomic distances, and lack of energy states that would allow for non-radiative cross-relaxation to occur [4] . Due to the high doping concentration, the experimental XRD pattern for the synthesized β-NaYF 4 cannot be matched to a classic bulk pattern for β-NaYF 4 . Thus, figure 2(b) presents a simulated pattern that was produced from our previously described XRD simulation program [35] . Due to computational restraints, a smaller size (10×7.6 nm) UCNP was modeled, which results in peak broadening and overlap. Regardless, the peak positions and relative intensities of the simulation in comparison to the experimental data support that the NaYF 4 UCNPs are in the β-phase. The radio thin layer chromatography (RadioTLC) shown in figure 3(a) compares the β-emitting properties of the precursors to the UCNPs. In this method, the precursors and nanoparticles are spotted onto a plate coated with a silica gel stationary phase, and a mobile phase of 1:1 saline/methanol travels up the plate. The plate is then radioimaged to determine the location of the β-emission. The retention factor reported in figure 3(a) is the quotient of the distance traveled by the β-emitting spot and the total distance traveled by the mobile phase. Using solvothermal conditions, the UCNPs are capped with non-polar oleate ligands, rendering them immobile on a silica gel stationary phase when exposed to the polar mobile phase. In contrast, both the YCl 3 and Y(TFA) 3 precursors are water-soluble and will travel with a polar solvent front. While both precursors display similar retention factors, the UCNP's activity remains at the origin, confirming that Y atoms/UCNP. As the fluorescence spectrum in figure 3(b) indicates, the capacity of the UCNPs to upconvert 980 nm light is preserved with 90 Y doping. The spectra described in this figure were normalized to the concentration of upconverting material in the sample. The NIR-to-visible upconversion is achieved in a multistep process by which two or more photons of 980 nm light are absorbed by the Yb 3+ ions, the energy is transferred to the neighboring Er 3+ ions, and the Er 3+ ions relax radiatively to the ground state, producing green (Er . This energy transfer process is highlighted in the inset schematic in figure 3(b) . The optimized doping concentrations to prevent non-radiative cross-relaxations between ions (2% Er, 20% Yb by mole) has been identified in a previous combinatorial study and utilized herein [46] . Swapping out the Er 3+ ions with other REs, such as Tm 3+ or Ho
3+
, results in different wavelengths of upconverted light, such as UV and blue light [47] . In the case of these radiolabeled UCNPs, some cathodoluminscence could have been expected to arise due to the interaction of the highly-energized β-emission (2.280 keV) with the upconverting ions. However, no autoluminescence of the UCNPs was observed, confirming the viability of these UCNPs as multimodal tracking agents.
To make the UCNPs viable for applications in polar solvents, we pursued an adapted Stöber method for silica-coating nanoparticles [48] [49] [50] . In brief, the Stöber method is facilitated by partially exchanging a nanoparticle's surface ligands with tetraethyl orthosilicate (TEOS) and promoting hydrolysis to build a silica shell around the nanoparticle in solution. Controlled hydrolysis is aided by the presence of a large surfactant ligand, such as Igepal CO-520 (poly(oxyethlene)(5) nonylphenyl ether), and the formation of reverse micelles. Contrary to previous reports of this method on smaller (∼10 nm) nanocrystals [50] , we find that the order of introduction of the TEOS and surfactant affects the homogeneity of the silica shell on larger UCNPs. The distinction is highlighted in figure 4 with TEM images, and additional images can be found in figures S1 and S2. When TEOS is exchanged onto the surface of the large UCNPs first, the integrity of the resulting silica coating is compromised. When Igepal CO-520 is exchanged onto the surface first, the coating is homogenous and the presence of secondary silica nuclei is reduced. We believe this is primarily due to the size of the UCNPs; figure S3 shows smaller RE fluoride nanocrystals with similar degrees of anisotropy that were successfully coated. At diameters greater that 100 nm, the Igepal CO-520 is essential to sustaining a micelle large enough for TEOS to evenly coat the UCNP. Successful silica coating on large UCNPs is outlined in figure 5 . The silica-coating procedure could be conducted on batches of particles with consistency across particles, as shown in the low magnification TEM image in figure 5(a) . An evaluation of how reaction time affects the growth of silica shells is shown in figure S2 . As indicated in the EDS elemental mapping shown in figure 5(b) , the silica is localized at the exterior of the UCNP, while yttrium remains in the core. Figures 5(c) and (d) offer profile views of a 3D reconstruction of the silica- Figure 4 . Silica-coating on large anisotropic UCNPs using an adapted Stöber method. When TEOS is added first, TEOS coats the large UCNPs in small packets and block Igepal CO-520 scaffolding, resulting in an inhomogenous silica coating. Alternatively, adding Igepal CO-520 first supports a micelle large enough that evenly draws TEOS onto the surface of the UCNP, resulting in a homogenous silica coating. Scale bars represent 100 nm. coated UCNPs that was acquired through electron tomography. The β-NaYF 4 and silica offer distinct contrast by the transmitted electrons and thus could be differentiated at each step of the tilt series to allow for 3D reconstruction. The view along the [100] plane shown in figure 5(d) highlights the close adherence of the shape of the silica shell to the morphology of the large UCNP. An AVI video of the full 3D reconstruction is available in the supplementary material.
When silica-coated, the UCNPs retain their upconverting and β-emitting properties simultaneously. Figure 3(b) indicates that the optical properties of the silica-coated UCNPs persist, but are dampened by the presence of the silica shell by 66%. This dampening factor is calculated after correcting the normalization for the concentration of silica around each UCNP. Two factors play into this quenching: the presence of the silica shell and interactions with the polar solvents. Both factors introduce additional vibrational modes around the UCNP, which increases the frequency of non-radiative charge recombination to occur on the surface of the UCNP. Comparing the Er 3+ 4 S 3/2 and 4 F 9/2 peaks indicates a green-to-red ratio of 10:1 that is consistent between the uncoated and silica-coated UCNP. This suggests that the quenching factors predominately affect the Yb 3+ absorption of 980 nm light and its subsequent charge-transfer to Er 3+ . Once the UCNPs are transferred into a polar solvent, Čerenkov radiation is also expected to occur as previously displayed with the radiolabeled GdF 3 nanocrystals [28, 51, 52].
Conclusion
We have described a solvothermal method for producing 90 Y-doped β-NaYF 4 :Er, Yb UCNPs using a rapid and versatile hydroxide metathesis process for preparing RE(TFA) 3 precursors. The β-emission presented by the isotope does not interfere with the upconversion properties of the UCNP, making these viable multimodal tracers. Coupling multiple low-background imaging techniques to resolve a single target improves imaging accuracy and efficiency. The efficacy of using upconversion and radiolabeling in tandem for multimodal imaging has been presented previously by Sun et al with core-shell RE nanocrystals [53] . In addition to a simplified architecture in which the upconverting and radioisotopes are present in the core, our work offers an adapted Stöber method to coat large UCNPs with a homogenous silica coating to enable the dispersion of these materials in polar solvents. This opens the door to the library of silica surface chemistries that could enable additional modes of sensing.
